Introduction
Acute ischaemic stroke remains one of the most challenging diseases for clinicians and many problems in its diagnosis and therapy remain. At present no proven therapy is available and there exists a diagnostic 'black box' within the first few hours with established imaging methods, such as computed tomography (Cf) and magnetic resonance imaging (MRI). While successful pharmacological treatment of stroke will likely require intervention within a few hours after interruption of the cerebral blood supply, Cf and (conventional) MRI do not accurately identify the extent or severity of cerebral ischaemia within the first four to six hours.
To evaluate new therapeutic strategies for acute stroke, sensitive imaging methods capable of demonstrating ischaemic brain soon after the onset of symptoms and signs are necessary. The role of MRI in the diagnosis of acute stroke is still unclear. Detection of ischaemic brain tissue by conventional T2-weighted MRI is delayed for six to 24 hours after the interruption of cerebral blood flow,1-3 This lack of sensitivity is probably due to the dependence of 1'2 prolongation on the rather slow net increase in tissue water (vasogenic oedema) that develops over hours after the ischaemic insult. 4 ,5 Since parenchymal ischaemic injury can be detected only six to 24 hours after the onset of symptoms and signs, standard MRI appears to be unsuited for quantifying acute ischaemic lesions, rendering the development of new therapeutic strategies difficult. 6 The clinician needs an imaging technique which rapidly detects the region of ischaemia in acute stroke patients, Furthermore, an imaging technique that is predictive, during the very earliest stages, of the eventual volume of the infarct and the clinicaloutcome would be of immense value for optimizing stroke therapies.
Recently available MRI techniques, diffusionweighted and perfusion-weighted MRI,7,s have begun to change the role of MRI in acute stroke.
Background

Principles of ditTusion-weighted MR imaging
Diffusion-weighted imaging (OWl) is based on the natural sensitivity of MR to motion, 9, 10 which is also the basis of MR phase contrast angiography. In the presence of a magnetic field gradient, protons carried by moving water molecules undergo a phase shift of their transverse magnetization. Diffusion is characterized by the random displacement of molecules (Brownian motion), where phase shifts disperse and interfere with each other, resulting in attenuation of the MR signal. This attenuation is directly dependent on the amplitude of the molecular displacements and on the intensity of the magnetic field gradient. The major principle of diffusion-sensitive pulse sequences is that the addition of a pair of diffusion-sensitizing gradient pulses to a standard pulse sequence causes dephasing of spins that move along the direction of the applied diffusion gradient.
Diffusion results in signal loss on DWI, caused by the loss of phase coherence. Structures with fast diffusion are dark on DWI, because they are subjected to greater signal attenuation, whereas structures with slow diffusion are bright. In vivo diffusion can be quantified as the apparent diffusion coefficient (ADC),l1,12 which is a function of two factors: the ratio of signal intensity (SI) between two images of different diffusion weighting given as In (SI 2/SI1), and a constant derived from the properties of the diffusion gradients, called the b value or diffusion weighting factor
where ' Y is the gyromagnetic ratio of 1H, 8 is the gradient duration, G is the gradient strength, and~is the time between the two diffusion gradients). The ADC can be calculated, based on the Stejskal and Tanner equation'> as:
where SI 1 is the regional signal intensity from the images acquired with no diffusion gradients, SI 2 is the regional signal intensity with diffusion gradients, and b is the calculated b value.
Many diffusion studies in isolated biological tissues were conducted about 20 years ago. [14] [15] [16] The diffusion coefficient of water in tissues was found to be two to ten times less than that of pure water. This occurs because water molecules in tissues have to move tortuously around obstructions such as fibres, intracellular organelles and macromolecules.t? In intact tissues, a continual exchange occurs between free water molecules and water molecules that are for some time combined to much more slowly moving macromolecules.w Diffusion coefficients are thus likely to vary according to tissue structure and physiological state, a potential source for characterization of different tissues and for functional imaging.
Because the diffusion range of water during typical MR diffusion times (100 msec) is on the order of a few rmcrometres, water diffusion allows microdynamic studies on a scale that is much s~aller t~~n the resolution of current MR!. By usmg sufficiently short and large diffusion times, it may even be possible to estimate cell diameters.
Techniques of diffusion imaging
There are several ways to implement diffusion imaging. The idea is to sensitize the MR signal to di.~sion~y in~orporating strong gradient pulses
Within an rmagmg sequence. The images that are generated then become diffusion-weighted. For quantification, it is necessary to determine the degree of~iffusion weighting, which is achieved by calculating the b value associated with the acquisition parameters, The b value should always be reported III experimental and clinical studies t? make results comparable, just as TE (echo time) and TR (relaxation time) are given to provide quantification of the degree of T1 and T2 weighting.
A variety of imaging schemes have been propo~ed~o obtain DWI. The spin-echo two-dimensional Fourier transform (2DFT) is ce.rtai~ly the~i~pl.est to implement ( Figure 1 ). lffuslOn sensitizatton of a 2DFT spin-echo imag-mg~equence is obtained by inserting additional gr~die~t pulses.n.w Different degrees of diffusion weighting~e produced by varying the amplitude of~he gradten: pulses, The computation of diffusion Images, i.e. maps where the diffusion coe~cient (ADC) is displayed in each pixel, is obtained by using two or more of such sequences differently sensitized to diffusion. The drawback f the sp~n-echo DWI method is the acquisition time, which normally takes approximately ten minutes per examination; therefore the images are relatively sensitive to motion artifacts.
Another approach to performing DWI is to use the echo planar imaging (EPI) technique.w With EPI, the entire set of echos needs to form an image on one brain slice which is collected within a single acquisition period (single shot) of 25-100 msec. This is performed by switching the echo signal formation in a train of gradient echos by means of a large gradient in which polarity is rapidly inverted. EPI can easily be sensitized to Diffusion imaging in the brain a technique for standard clinical scanners, turbo STEAM (high-speed stimulated echo acquisition method), has been developed by Merboldt et a/. 26 and could be applied to clinical scanners without expensive hardware modification .
Diffusion of brain water was first measured in excised brain tissue.F Recent in vivo measurements have shown that the diffusion coefficient of water does not have a large variance among subjeers? and that diffusion of water in cerebrospinal fluid (CSF) is similar to the diffusion of pure water at the same temperature. However, the ADC in some locations, such as the foramina of Monro is unusually high (3-6 x 10-3 mmvsec), due to the high flow (signal attenuation produced by flow-void effects) in this region. These findings could be used to study CSF dynamics.se In grey matter, diffusion is isotropic and about 2.5 times lower than in pure water at the same temperature. 22 ,29 ,30 In white matter the diffusion coefficient is directly dependent on the relative orientation of the fibres and on the direction of the applied magnetic field gradients; this is known as anisotropic diffusion. It appears that diffusion coefficients are significantly decreased when the myelin fibres are perpendicular to the direction of the magnetic field gradient used to measure molecular displacement. The myelin fibre orientation could be demonstrated on colour-coded maps on the basis of diffusion anisotropy» and might be useful in white matter diseases such as multiple sclerosis, wallerian degeneration or delayed myelination in neonates.w
Diffusion imaging in brain ischaemia
!he most promising application of diffusion imagmg h~s been suggested by the finding that this techmque can reveal brain ischaemia at a very early stage . Recently, in a feline model of middle cerebral artery (MeA) occlusion, Moseley et a/. 33 found that diffusion-weighted spin-echo MRI was more sensitive than T2-weighted imaging in demonstrating the ischaemic area. The diffusion coefficient of water was significantly decreased within minutes after the onset of ischaemia, at 2 1 ,22 by providing a pair of large compensated gradients for a period of time before rapid gradient switching and data acquisition. With EPI , motion artifacts are virtually eliminated. A different approach, based on gradient-echo fast imaging, has very recently been suggested by several authors. 23 ,24 The idea is to use a train of gradient echoes for imaging purposes only, with which acquisition times as short as 300 msec can be reached, i.e . using turbo-fast low-angle shot (FLASH) . 25 The advantage of this technique is that the sensitivity to motion artifacts would be significantly decreased due to the short acquisition times achievable. This sequence might therefore be an interesting alternative to fast-diffusion imaging using EPI. Such
The pulse sequence for diffusion-weighted spinecho imaging. A radiofrequency (RF) 90 0 pulse is applied at t =0 followed by an RF 180 0 pulse at t = TE/2, where TE is echo time. All the RF pulses are in the shape of a sine x/x function and applied together with fleld-qrad ient pulse, Gs, to achieve slice selection. A stepped field gradient. Gp, is applied between the 90 0 pulse and the 180 0 pulse for phase encoding. The echo signal. S. is read out in the presence of a second field gradient, Gf, and thus is frequency-encoded along the direction of Gf. Two diHusionilradient pulses Gd of equal area are inserted in the pulse sequence. one of which is applied in the time between the first and the second RF pulse and the other positioned between the second RF pulse and the echo centre. The ampl itude, duration, and separation of the diHusion gradient Gd are denoted by -y, a, and A, respectively. 36 used this technique to help demonstrate the beneficial effects of a sodium-calcium ion channel modulator on brain damage. While several groups have demonstrated that AOC values are consistently reduced in ischaemic brain areas, there remains uncertainty about the pathophysiological mechanism involved in this phenomenen. Due to the advantage of using ADC measurements to detect and track the evolution of tissue injury in acute clinical stroke, there is a growing need to understand why ADC values decline with ischaemia.
Among the reasons why signal changes on T2-weighted images are small before vasogenic oedema develops may be that during the first few hours of ischaemia the water content of the injured brain parenchyma increases only minimally (about 3%) and there are few macromolecular shifts resulting in hydration binding of free water.37 This small increase in regional water content, 'cytotoxic oedema' , however, may explain the appearance of ischaemic lesions on OWl within minutes after the onset of ischaemia. One hypothesis is that, shortly after the onset of ischaemia, tissue ATP reserves are depleted, leading to a subsequent failure of the Na+/K+-ATPase pump. The failure in the Na+/K+-ATPase pump causes a shift of water protons and ions from the faster-diffusing extr~cellul.ar space into the slower-diffusing, more restncted In!racellular compartment, resulting in a decrease In ADC.38 These findings are supported by the results from Benveniste et al.39 who exposed rat brain to ouabain, a specific inhibitor of the Na+/K+-ATPase pump, and demonstrated a reduction in ADC to levels comparable to that of ischaemic brain. A similar decrease in brain water diffusion occurred after infusion of glutamate or NMDA via a microdialysis catheter. The neurotoxicity of~xcesslve glutamate is hypothesized to be a m~Jor f~ctor. In the pathophysiology of ischaefila, .which IS characterized by early neuronal swelhng ..Agents that block steps mediating this neurotoxictty can prevent or lessen the area of decreased diffusion in ischaemic tissue as shown by Minematsu et al. 34 Busza et al. 40 showed that DWI is sensitive to the disruption of tissue energy. me~abolism and suggest that this may allow Imagl~g of energy failure noninvasively. The OWl SIgnal does not change until cerebral blood flow falls below the critical threshold for e~ergy maintenance of 12-15 ml per 100 g per mm, Another possible explanation for brain ADC decline with ischaemia may relate to changes in membrane permeability to water. 41, 42 A further, more unlikely, explanation for the mechamsm underlying diffusion is that the decrease in water mobility after the onset of diffusion is related to nondiffusion phenomena, such~s a decrease in bulk tissue pulsatility caused by microcirculatory arrest. It is also difficult to explain the ADC decrease on the basis of a decrease in temperature. A decrease in ADC by 30% implies a temperature decrease of about lOoC, which is unrealistic. 4 3-4 5 In reperfusion studies Mintorovitch et al.46 observed areas of hyperintensities in OWl as early as 14 minutes after the onset of ischaemia and that these areas reverted to normal after 33 minutes of temporary MCA occlusion. We observed in a similar rat stroke model in groups of animals subjected to one and two hours of temporary MCA occlusion a highly significant reduction in lesion size. 47, 48 In the after MCA occlusion from ten animals and a significant increase in ADC bins below 0.45 X 10-3 mms/sec and a decrease in bins above 0.50 X 
10-3 mmvsec over time was demonstrated.
The postmortem infarcted area, as measured by TIC staining, was highly correlated with the portion of the ischaemic hemisphere falling below ADC values of 0.55 x 10-3 mms/sec at two hours after stroke onset (Figure 3) . These studies suggest that focally ischaemic brain tissue can be quantitatively subdivided according to ADC values and that ADC values below 0.55 x 10-3 mmvsec following ischaemia highly predict infarction in this stroke model.
Recently developed new software now allows multislice echo-planar diffusion mapping. Previous studies on the evolution of ischaemia provide two-dimensional information at the optic chiasm but gave no information of other parts of thb rain involved in the ischaemic region. Using ADC, a reliable predictor of ischaemic regions.sa we studied the three-dimensional evolution of ischaemia over time. Ischaemia was introduced by intravascular suture occlusion of the MCA in eight rats. Diffusion-weighted EPI and mapping of the ADC during experimental focal cerebral ischaemia was performed. Eight contiguous slices one-hour temporary occlusion group lesion area was reduced to 55% (p < 0.01), whereas in the two-hour group only 17% (not significant) of the DWI lesion area reversed. Interestingly, the mean DWI signal intensity ratio in hyperintense areas hat were reversible was significantly less than in Irreversible areas, implying less change in ADC and intracellular water accumulation in salvageable tissue. . Efforts to distinguish reversible from irreversible damaged brain tissue have led to the concept of the ischaemic penumbra. 49, 50 However, it has been difficult to differentiate salvageable tissue from irreversibly damaged tissue in vivo. Positron emission tomography may provide useful information concerning tissue viability,51 but is not widely available. cr and MRI with Tl-weighted and T2-weighted images are not able to show ischaemic areas within the first few hours. The findings of the reperfusion studies 4 6-48 indicate that DWI can rapidly display not only irreversible but also reversible ischaemic brain damage and enhance the potential utility of DWI as a useful diagnostic tool for ischaemic stroke.
These initial experiments led to efforts to construct spatial maps where the pixel intensity is a measure of the absolute ADC value. 52 Changes of absolute ADC values within the ischaemic zone may yield information about the degree of tissue damage and could therefore be helpful in the development of more effective treatment strategies. Our group used diffusion-weighted EPI to map regional changes in the ADC during experimental focal cerebral ischaemia in the rat following permanent MCA occlusion. Sixteen 64 x 64 diffusion-weighted EPIs were acquired within 32 sec with successively increasing amplitudes of the diffusion-sensitive gradient pulses. A linear least-squares regression algorithm was used to fit the two-dimensional matrices, on a pixel-by-pixel basis, to solve for the slope from which ADC values were calculated. The correlation coefficient was used to filter the final ADC maps. The ADC values were then scaled appropriately and displayed in a 256 grey level format. Ranges (bins) of 0.05 x 10-3 mm 2/sec were then grouped and colour-coded to qualify and quantify the evolution of ischaemia in the MCA territory ( Figure 2 ). The percentage areas in the ischaemic and contralateral hemispheres in seven ADC bins were calculated at 30, 60 and 120 minutes rat brain, were acquired . .with EPI using eight different gradient strengths (0 = 2-16 g/cm, 8 = 10 msec, A = 25 msec [g = gauss]) for calculation of ADC values. Thirteen time points were collected from three to 180 minutes after the onset of iscahemia. Ischaemic tissue was defined as having ADC values below 0.55 x 10-3 mm 2/sec and the three-dimensional spread of ischaemia was monitored. Within five minutes after the occlusion, the two slices adjacent to the optic chiasm showed an ischaemic area in the territory of the MCA. The areas in these slices evolved over 60 minutes to their maximum size corresponding well to the postmortem volumõ btained from TIC staining, while the absolute value of the ADC still continued to decrease ove.r time. In the frontal and occipital part of the brain, however, the ADC decreased later in time indicating a delayed spread of the ischaemiclesioñ Figure~) . The~hree:dimensional monitoring of ischaemia over tune gives new insights about the pattern of evolution of acute ischaemic stroke in an experimental stroke model.P This technique of diffusion mapping to study the progression of ischaemia can now be adapted for human application.
Current clinical applications
Preliminary human OWl studies demonstrate that the technique can be performed in humans. Chien et al. 54 performed OWl studies in normal volunteers to evaluate the effects of factors such as echo and diffusion time, cardiac gating, and diffusion encoding gradient direction, on OWl accuracy and image quality. Warach et al. 55 were the first to demonstrate in humans the superior sensitivity of OWl for the early detection of acute stroke and for differentiating acute from chronic stroke. In the earliest case studied with this technique, at 105 minutes after the onset of ischaemia, OWl showed the lesion whereas 1'2weighted imaging did not ( Figure 5 ). Hyperacute and acute strokes showed a decrease in ADC. The greatest reduction in ADC (15% to 48% of control) had swelling and mass effect in the region of the stroke. Chronic stroke shows an increase in ADC relative to normal brain and therefore is easily distinguished from acute or subac~te i~far~ts: The pattern of ADC. changing over time IS similar to that observed In animal OWl studies.56
Future developments
Diffusion spectroscopy lnfonnation about the biochemicalstate of the brain can be obtained by using MR spectroscopy and may have diagnostic and prognostic importance. Recent progress in in vivo localized '~b~~~· · ·~1 .~.~~". ..~~~ṽ rr ViI~~. , .~~~.1 ?Jt~.~'~.~\!l>.'@ .~F igure 4 Eightcontiguous coronal slices(slice thickness 1.5 rnm). encompassing the entire rat brain. were acquired with EPI usingeight differentgradient strengthsfor calculating the ADC. Upperlevel 15minutes.middle 60 minutesandlower level 180minutesafter occlusion of middlecerebral artery: three-dimensional evolution of ischaemia overtime with a delayin the frontalandoccipital partof the brain. spectroscopy allows the extension of diffusion measurements to molecules other than water. MR can resolve different nuclear species because of the species' different Lannor frequencies, for instance 31p, 18F, 13C. For a given species, the chemical shift can be used to determine the diffusion coefficients of the different compounds in a complex mixture.V Diffusion of phosphocreatine, for instance, can be measured by using 31p spectroscopy. Phosphocreatine, which does not cross cell membranes, gives information on the intracellular medium. Monitoring of exchanges of metabolites and drugs through cell membranes might be possible using this technique.
Temperature imaging
Brain temperature is an important physiological parameter which should be monitored at least during experimental brain ischaemia, especially when pharmacological intervention is being evaluated. Temperature is an important determinant of the ADC, thus:
where Do is the diffusion coefficient at infinite tempe~ature , E a is the activation energy for translational molecular diffusion, T is the absolute temperature and k is the Boltzmann constant. Temperature variation could be evaluated noninvasively using the ADC of water. Temperature changes during hyperthermia or laser surgery, for instance in neurosurgery, may be controlled nomnvasively with this technique. [43] [44] [45] Perfusion MR imaging Perfusion imaging which measures brain perfusion is another new MRI technique with great promise for evaluating acute stroke. Perfusion imaging is usually performed by injecting a contrast agent. such as gadopentetate dimeglumine or dysprosium and then followed by obtaining a se~es of images using ultrafast techniques for tracking the bolus through the brain. 58 ,59 Contrast agents that cause a regional signal loss due to ma~etic susceptibility-induced T2*-weighted shortening have been shown to provide a substantial contrast between ischaemic and normally perfused brain areas. 60 Perfused areas show a decline in signal intensity, while non perfused areas, to which the contrast agent could not gain access, have no signal alteration. In the near future, with appropriate techniques, quantitative assessment of cerebral blood flow and blood volume can be derived from various brain regions.
Conclusion
DWI offers a rapid, noninvasive, quantitative means of monitoring the extent and degree of ischaemic brain injury. Because it can be employed very early after the onset of focal cerebral ischaemia, DWI may be useful in assessing and adjusting cerebroprotective therapy while the ischaemic insult is still evolving, as was shown in the DWI study with treatment of the noncompetitive NMDA antagonist CNS 1102. Additionally, DWI can evaluate the contribution of multiple therapies given sequentially. Initial clinical efforts have been made to make this technique applicable to human stroke and therapeutic trials. By using DWI to evaluate a patient's response to treatment, it may be possible to optimize the treatment and to choose an additional therapy while there is still a chance of a successful intervention. Furthermore, the use of multimodal MRI techniques (spin-echo, DWI, MRS (magnetic resonance spectroscopy), perfusion imaging, MR angiography), which will become available on commercial MRI units in the near future, should allow the clinician to quickly ascertain the location of the ischaemic lesion, perfusion deficits, metabolic abnormalities and the state of the cerebral vasculature. This information may help to determine the extent of potential reversibility of ischaemic lesions and to guide the therapy. These techniques may not only allow improvement and optimization of therapy in stroke patients, but also give new insights into the pathophysiology of stroke as well as other diseases.
